According to both special relativity and Heisenberg's uncertainty principle, virtual electronpositron pairs spontaneously pop into and out of existence in vacuum, on a time scale too short to leave a trace. However, it is the polarisation of these pairs under an applied electromagnetic field which is predicted to provide a rich variety of non-linear processes 14 . A fundamental scale for such vacuum polarisation effects is set by the critical field of quantum electrodynamics E cr = 1
√ 4πm 2 c 3 / e = 1.3 × 10 16 Vcm −1 , for electron mass m and absolute charge e (in our units the fine-structure constant reads α = e 2 /4π c ≈ 1/137), corresponding to a laser intensity of I cr = 2.3 × 10 29 Wcm −2 . An electric field of this order is strong enough to provide a virtual electronpositron pair an energy equal to its rest energy 2mc 2 in the fleetingly short time /mc 2 ∼ 10 −21 s in which the virtual pair "lives," promoting it to reality before the individual particles eventually annihilate with one another. Even at much lower intensities I such as provided by "strong" or ultraintense (I > 10 23 Wcm −2 ) laser fields, the polarised vacuum is predicted to exhibit birefringence and dichroism 12 , to cause photons to "merge" or to "split" and even allow them to scatter, all of which awaits experimental confirmation in laser fields. Recent advancements and proposals for the upcoming ELI 15 and HiPER 16 laser facilities demonstrate a maturing of a technology that will supply intensities of the order 10 25 -10 26 Wcm −2 , which are sufficiently high to test quantum electrodynamics in this relatively unprobed regime.
When driven by a strong electromagnetic field, the virtual electron-positron pairs generate a polarisation and a magnetisation in the vacuum 12 (see Supplementary Information):
M(t, r) = − 4α
for electric and magnetic fields E(t, r), B(t, r). From these expressions, we can form the useful analogy of the polarised vacuum as a solid with non-linear response, which, instead of comprising tangible dipoles, hosts transient polarised virtual particle-antiparticle pairs of dimension approximately equal to the Compton wavelength λ c = /mc ∼ 10 −11 cm. These evanescent pairs mediate a non-linear interaction between fields which becomes more significant the larger the ratio of the applied to the critical field becomes. When discussing strong electromagnetic fields, we are thus referring to a regime totally forbidden in classical physics in which the linear superposition principle in vacuum no more applies.
Taking the solid-state paradigm one step further, using an ultra-intense laser split into two beams, the vacuum can be "activated" by polarising two slit-like regions (see Fig. 1 ). When these regions are probed with a second, (almost) counter-propagating laser, one can imagine creating a real photon-photon double-slit experiment. This employs Babinet's principle, which states that the diffraction pattern of an aperture is identical to that of an opaque obstacle with the same shape as the aperture, justifying our labelling of the two polarised regions as "slits," although they are actually the material-like portion of the scenario. Since accelerated charges radiate, when the polarised vacuum is agitated by the applied field, it forms a source or vacuum current of electromagnetic waves, J vac (t, r). The modified wave equation incorporating vacuum polarisation effects reads (see Supplementary Information):
where
. This current is then responsible for the generation of two fields E d,i (t, r) with i = 1, 2 each in the centre of the two slits. These fields then interfere to produce the characteristic double-slit diffraction pattern. In Young's original experiment 17 , all other incident light was stopped, whereas in our scenario, the probe laser can form a dominant background. Exploiting the wide extension of the field generated in the slits in comparison to the relatively tight focusing of the probe field, allows us to consider regions on the detector plane where the probe background is effectively negligible. This is a significant advancement with respect to previous calculations 12 , which although based upon the same fundamental physics of quantum electrodynamics and quantum vacuum fluctuations, focused only on the ellipticity and rotation of the polarisation direction acquired by an X-ray probe when it collides with a single strong optical standing wave. By introducing the double-slit, the interference pattern of photons generated in the annihilation of virtual electron-positron pairs occurring at different points in space then becomes a useful, measurable quantity and provides in principle both non-local information about the vacuum current and insight on the wave-particle duality of vacuum-generated photons.
With regard to the corresponding experimental implementation, it is pertinent to consider the timeaveraged total signal I t (r) on a detector plate whose origin is situated in the far field at r = (0, y, 0),
(t, r) and the unperturbed probe field
, with denoting a time average.
In terms of apparatus, the probe laser should be optical in order that the diffraction pattern is sufficiently large and resolvable. We consider the following nowadays easily-obtainable parameters of 100 fs pulse duration, intensity 4 × 10 16 Wcm −2 and wavelength λ p = 527 nm (achievable using the second harmonic of readily-available 1054 nm lasers with an intensity attenuation wavelength of 527 nm back-illuminated CCDs (charge-coupled devices) have an efficiency of 90% 19 . From numerical results for the aforementioned typical experimental parameters, on a region in which I d (r) is more than one-hundred times larger than I p (r) and I pd (r), taking into account CCD efficiency, we expect per shot of the strong field, 4 photons from the vacuum signal. By repeating the experiment first in the absence of the strong beams and then the probe and vice versa, one is in principle able to account for possible background photons coming from those beams. Background photons with a frequency different to that of the probe could be excluded by placing frequency filters in front of the detector screen. The presence of a thermal photon background can then be neglected operating at a typical temperature of the order of 300 K. Moreover, a good vacuum quality of the order of 10 −6 -10 −5 torr is required in order to neglect diffraction effects due to the presence of residual gas in the interaction region. We have also ensured that with the above numerical parameters, alterations to the vacuum signal due to the pulse shape of the strong beams can be consistently neglected.
One can form the visibility of the diffraction pattern (see 20 and Supplementary Information), to determine how many photons are required before fringes can be adequately differentiated. For a scenario in which a 15 cm × 15 cm CCD with a central circular aperture of 1.5 cm radius, placed as indicated in Fig. 1 , detects vacuum signal photons for the aforementioned experimental parameters, a theoretical maximum visibility of 47.6% can be reached. After modelling experimental trials numerically, it was found that ∼ 1000 photons were required before the statistical fluctuations around this analytical value were reduced to less than 10%, corresponding to an operating time of approximately four hours (see Supplementary Information).
By exploiting the polarised vacuum in such a scenario with lasers available in the next few years, one can take Young's famous experiment one step further and create a truly quantum doubleslit set-up comprising entirely of light. In addition, by counting photons or measuring the intensity pattern directly, such a method can be employed to probe the quantum vacuum and to study its structure as predicted by quantum electrodynamics.
Supplementary Information
In the limit of electromagnetic fields E(t, r) and B(t, r) with amplitude much less than the critical fields E cr = √ 4πm 2 c 3 / e = 1.3 × 10 16 V/cm and B cr = √ 4πm 2 c 3 / e = 4.4 × 10 13 G (in our units the fine-structure contant reads α = e 2 /4π c ≈ 1/137) and with wavelength much larger than the Compton wavelength λ c = /mc = 3.9 × 10 −11 cm the vacuum Lagrangian density of the electromagnetic field including quantum correcting terms due to vacuum polarization is given by 14 :
where units = c = 1 are employed and terms proportional to α 2 represent quantum corrections much smaller than the Maxwell Lagrangian density (E 2 − B 2 )/2. In our scenario, the total electromagnetic field consists of two strong Gaussian-focused beams linearly polarized along the scattering and in our analysis correspondingly take a solution of Maxwell's equations to first order in (w j,0 /y r,j ) with j = s, p (see e. g. 21 for more details on the approximation used here). We also neglect the angle between the strong laser beams (see Fig. 1 in the main text) and assume they propagate in the same direction. Angles of the order of 0.1-0.2 rad can be in principle achieved experimentally and, following our numerical simulations, lead to corrections of the order of 10-20 %, respectively. The following equations are used to represent the system:
and
where ψ j is a constant phase offset, j = s, p. The inclusion here of defocusing terms in the probe field E p (t, r) scaling as y/y r,p is a significant improvement on previous results 12 , allowing us to investigate the vacuum polarization effects also in the so-called far region, where the observation distance y is so large that y/y r,p ≫ 1. This is essential here, as the suggested experimental setup requires the observation screen to be located far from the interaction region (in the numerical example considered in the main text we have y/y r,p ≈ 10).
By applying the principle of least action to the Lagrangian density in Eq. (4), one obtains the wave equation for the total electric field:
where the "vacuum current" J vac (t, r) can be written as
with P(t, r) and M(t, r) being the vacuum polarization and magnetization respectively:
The wave equation (10) can be written formally as the integral equation
by employing the Green's function D(t, r) = −1/(2π)
(see, for example, 22 ). The first term in this equation is the classical solution that in our case is given by E cl (t, r) = E s (t, r) + E p (t, r). The second term arises due to the quantum interaction between the probe and the strong fields, which we label the diffracted field E d (t, r), and is calculated by substituting the zero-order solution E cl (t, r) into the vacuum current J vac (t, r). Since our probe and strong fields are monochromatic it is convenient to work in the Fourier-transformed frequency space and the diffracted field can be written as:
The Fourier amplitude E d (r) is then given by
where I s,0 = E sin θ)
and I k (r) are the four integration volumes:
where β 1 = 1, β 2 = −1 and β 3 = β 4 = 0, Γ 1 = Γ 2 = 0, Γ 3 = 1 and Γ 4 = −1, where ∆ψ s = ψ s,2 − ψ s,1 . |v · v| = v 2 is maximized for cos 2θ = −1, and without loss of generality, we set ∆ψ s and z 0 to zero.
Since the diffracted field contains spatial integrals over the probe and the strong fields, its decay length in the transverse x-z plane results in being much larger than that of the probe field.
It can be shown that the integrals I 3 (r) and I 4 (r) are negligible with respect to I 1 (r) and I 2 (r), which depend only on the physical parameters of one of the strong beams respectively and therefore describe the interaction of the probe field with each "slit." Therefore the diffracted field amplitude The analytical expression for I d (r) = E d (t, r) 2 , with denoting a time average, in the limit of no probe focusing, y r,p → ∞, w p,0 ≫ w s,0 and x/r, z/r ≪ y/r ≈ 1 and zero beam separation x 0 = z 0 = 0 was also derived and found to have excellent agreement with numerical results. As a further check, we derived the ellipticity ε induced in the probe and compare this to the expression for two, parallel-propagating, colliding lasers in the refractive-index (i. e. short observation distances, y → 0), crossed-field (ω s → 0) limit found in other literature 23 . One achieves the result ε(θ = π/4) = (2απ/15)(I s,0 /I cr )(l y /λ p ), where l y is the effective interaction length of the two sets of beams, l y = πy r,p y r,s /(y r,p + y r,s ), which then agrees in the limit y r,p → ∞ with the literature 23 .
For a fixed y, we can approximately maximize the region in which I d (r) ≫ I p (r) + I pd (r), Error in the visibility:
Number of photons Figure 3 : Counting photons. The number of photons required to reduce the error in the visibility below the value given on the horizontal axis is plotted after averaging results of 10,000 experimental trials, each with 10,000 photons, with the error bars given by the standard deviation over the trials.
